Abstract The ability of roots to penetrate through the soil and maneuver around rocks and other impenetrable objects requires a system for modulating output from mechanosensory response networks. The microtubule-associated protein END BINDING1b (EB1b) has a role in this process; it represses root responses to mechanical cues. In this study, a possible relationship between EB1b and auxin during root responses to mechanical cues was investigated. We found that eb1b-1-mutant roots are more sensitive than wild-type roots to chemicals that disrupt auxin transport, whereas the roots of mutants with defects in auxin transport are resistant to these treatments. Using seedlings that express the auxin-sensitive DR5rev::GFP construct, we also found that wild-type and eb1b-1 roots treated with the auxin transport inhibitor naphthylphthalamic acid exhibited dose-dependent reductions in basipetal auxin transport that were indistinguishable from each other. The responses of eb1b-1 roots to mechanical cues were also enhanced over wild type in the presence of p-chlorophenoxyisobutyric acid, a chemical thought to inhibit auxin signaling. Finally, roots of eb1b-1 and wild-type plants exhibited slight increases in loop formation in response to increasing levels of exogenously applied indole-3-acetic acid or 1-naphthalene acetic acid. Taken together, these results suggest that the repression of loop formation by EB1b and auxin transport/signaling occurs by different mechanisms.
Introduction
The primary function of the root system is to provide surfaces across which water and nutrients are absorbed. To fulfill this role, roots are able to penetrate through the soil and direct their growth into areas where conditions are optimal. Growth is generally directed downward in response to gravity, although this growth direction is often modified as the root senses and responds to the signals it receives from its surroundings. Mechanical cues represent one signal that roots continuously monitor and respond to as they force their way through areas of differing densities in the soil and wind around rocks and other impediments. The ability of roots to sense and respond appropriately to multiple levels of mechanical stimulation requires an ability to modulate output from mechanosensory response systems.
The mechanisms that underlie root responses to mechanical cues are an active area of investigation. Several molecular components involved in the response have been identified. These include Ca 2? , protons, reactive oxygen species, multiple plant hormones, and several proteins involved in signaling pathways, cell wall modification, and microtubule organization and/or function (for reviews see Monshausen and Gilroy 2009; Chehab and others 2011; Vaughn and others 2011) . However, the interactions that occur between these factors in the regulatory network that controls root responses to touch are largely unknown.
Root responses to mechanical cues are often assessed by analyzing roots growing down along the surfaces of agar plates. This regime causes roots to grow in patterns that reflect their responses to touch and gravity stimulation. On plates reclined from a vertical orientation, gravitropism causes the root tip to press against the agar surface and the resulting mechanical cues cause roots to form waves and loops and to skew to one side as they grow (Rutherford and Masson 1996; Thompson and Holbrook 2004; Oliva and Dunand 2007; Migliaccio and others 2009; Vaughn and others 2011) . Using this assay, several groups have identified mutants with altered root skewing and looping patterns (see Vaughn and others 2011 for review) . Seedlings carrying mutations in the proteins that control the movement of auxin into and out of cells as well as in the microtubule-associated protein EB1b are examples of genotypes whose roots skew and loop more than wild type (Okada and Shimura 1990; Chen and others 1998; Bisgrove and others 2008; Gleeson and others 2012) .
The plant hormone auxin is a well-known regulator of root growth, development, and responses to environmental cues. In roots that are growing down, auxin is transported from the shoot to the root apex through the central cylinder where, in combination with de novo auxin synthesis, an auxin maximum is formed. From the root tip auxin flows laterally through the root cap and is then transported basipetally to the elongation zone through the cortical and epidermal cell layers. This flow of auxin establishes an auxin gradient along the root that maintains the stem cell niche in the meristem and regulates cell elongation (for review see Jones and Ljung 2012) . When roots are rotated away from vertical, they respond by redirecting auxin flow across the root cap. More auxin moves to the bottom side of the root cap and its basipetal transport then leads to higher levels of auxin on the lower side of the root and reduced levels on the upper side. These changes in auxin concentrations alter cell elongation rates across the root; an increase on the upper flank and a decrease on the bottom cause the root to form a downward bend (reviewed in Friml 2010; Muday and Rahman 2008) . Auxin flow is mediated by the AUXIN RESISTANT1 (AUX1) influx and PIN FORMED (PIN) efflux carriers, proteins that control the movement of auxin into and out of cells (Peer and others 2011) . Treatments or mutations that disrupt auxin transport reduce the ability of roots to respond to gravity and they increase loop formation in roots growing along an agar surface, suggesting that auxin transport is needed for gravitropism and to repress looping in response to mechanical cues (Okada and Shimura 1990; Chen and others 1998; Vaughn and others 2011) .
Microtubules represent another cellular component whose disruption alters root growth on agar surfaces. Treatments or mutations that alter microtubule organization and/or function can cause roots to twist as they grow. On agar surfaces, these excessively twisted roots also skew more than wild-type untreated plants. In several mutants, a correlation has been observed between root twisting and the orientation of cortical microtubules in elongating cells. Twisted roots often have microtubules arranged in helical arrays positioned at oblique angles in elongating cells. According to one model, these obliquely oriented cortical microtubules cause cells to elongate at an angle rather than parallel with the long axis of the root, thereby causing the root to twist (Hashimoto 2011) . Arabidopsis seedlings carrying mutations in the gene coding for the microtubuleassociated protein END BINDING1b (EB1b) also have roots that skew and loop more than wild type. However, eb1b-mutant roots are not excessively twisted and they have microtubule arrays that appear to be normal (Bisgrove and others 2008) . This phenotype indicates that EB1b and the proteins that are affected in mutants with twisted roots modulate looping and skewing in different ways, although the mechanism by which EB1b affects these root responses is unknown.
EB1b belongs to a large and diverse group of microtubule-associated proteins known as microtubule plus end tracking proteins (or ?TIPs), named because they preferentially associate with the more rapidly growing or plus ends of microtubules. ?TIPs have been most intensively studied in animal and fungal cells and this work has shown that the group includes a diverse array of proteins that have many different functions in cells (Akhmanova and Steinmetz 2010) . They include proteins that participate in signaling pathways, modify actin arrays, regulate microtubule growth and depolymerization (dynamics), and link microtubule ends with other cellular components (Sun and others 2008; Liu and others 2009; Akhmanova and Steinmetz 2010) . EB1 family members are different from other ?TIPs that have been studied in that they bind directly to microtubule ends and they also interact with many other proteins in cells (Honnappa and others 2009 ). Because of their ability to interact with and recruit other proteins to microtubule ends, EB1 family members are thought to be core regulatory components of ?TIP protein complexes.
Three genes encoding EB1 family members are present in the Arabidopsis genome (Bisgrove and others 2004) . These are designated EB1a (At3g47690), EB1b (At5g62500), and EB1c (At5g67270). EB1c is thought to function primarily during mitosis; it localizes to mitotic microtubule arrays in dividing cells and is sequestered in the nucleus during interphase (Dixit and others 2006; Komaki and others 2010) . Although both EB1a and EB1b proteins preferentially accumulate on microtubule plus ends in mitotic and interphase cells, EB1b appears to play the predominant role during root responses to mechanical cues since the responses of eb1b single mutants are indistinguishable from homozygous eb1a eb1b double or eb1a eb1b eb1c triple mutants (Chan and others 2003; Mathur and others 2003; Van Damme and others 2004; Dixit and others 2006; Bisgrove and others 2008; Gleeson and others 2012) Here we assess a possible relationship between EB1b and auxin in the repression of root responses to mechanical cues. We find that the addition of chemicals that disrupt auxin transport enhance root responses to mechanical cues to a much greater extent in eb1b-1 mutants than in wild type. The enhanced response of eb1b-1 mutants was observed even though the auxin transport inhibitor naphthylphthalamic acid (NPA) reduced auxin transport by equivalent amounts in mutant and wild type. We also found that the inhibition of auxin signaling enhanced the responses of roots to mechanical cues to a much greater extent in eb1b-1 than it did in wild type. Taken together, these results suggest that EB1b and auxin transport/signaling affect root responses to mechanical cues in different ways.
Materials and Methods

Plant Materials and Growth Conditions
Wassilewskija (Ws), Columbia-0 (Col-0), eir1-1, aux1-7, and DR5rev::GFP seeds were obtained from The Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org/). eir1-1, aux1-7, and DR5rev::GFP were all in a Col-0 background. The T-DNA insertional allele in the Ws accession eb1b-1 was previously described by Bisgrove and others (2008) . Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). Seeds were surface-sterilized using the vapor phase method (Clough and Bent 1998) and sown on 0.8 % (w/v) Phytagar (Caisson Laboratories Inc., Logan, UT, USA) plates containing half-strength Murashige and Skoog (MS) supplemented with 1 % (w/v) sucrose and 0.1 % (w/v) 2-(N-morpholino) ethanesulfonic acid (MES) at pH 5.8. Seeds were vernalized in the dark at 4°C for 3 days and then grown at 20°C for 7 days under 16-h light/ 8-h dark conditions. Agar plates containing naphthylphthalamic acid, 2,3,5-triiodobenzoic acid (TIBA), p-chlorophenoxyisobutyric acid (PCIB), indole-3-acetic acid (IAA), 1-naphthalene acetic acid (NAA), or 2,4-dichlorophenoxyacetic acid (2,4-D) were prepared by pipetting the appropriate amount of each chemical from concentrated dimethyl sulfoxide (DMSO) or ethanol stock solutions into molten agar. Control plates contained DMSO concentrations equal to the highest concentration in the plates with chemicals. DR5rev::GFP seedlings were grown on glass slides embedded in agar supplemented with varying concentrations of NPA.
Genotyping
Homozygous eir1-1 seedlings were selected on the basis of their agravitropic phenotype from F2 progeny of crosses between eb1b-1 and eir1-1 (Rashotte and others 2001). The genotypes of these seedlings at the EB1b locus were then determined by PCR. Seedlings carrying the wild-type Eb1b allele were identified in a reaction using TaqDNA polymerase (Invitrogen, Carlsbad, CA, USA) and the following primers: forward: 5 0 -GGTCATGCAAGAAGTCTTCACCAAATTG AA-3 0 , and reverse: 5 0 -GCACAGATTCATTTGCATCGGT TGCGTA-3 0 . The primers EB1bF (5 0 -GCTTCTCCGTCCT TTTCTCTGCTTCAGTT-3 0 ) and JL202 (5 0 -CATTTTA-TAATAACGCTGCGGACATCTAC-3 0 ) confirmed the presence of the eb1b-1 T-DNA insertion. Genomic DNA was extracted from whole seedlings as described previously (Dellaporta and others 1983) .
Phenotypic and Statistical Analyses
Seedlings were photographed using an Olympus SZX16 stereo microscope equipped with a Retiga 4000R digital camera and QCapture Pro software. Slides with seedlings expressing the DR5rev::GFP construct were excised from the surrounding agar and imaged using an inverted Zeiss microscope and a Hamamatsu 1394 ORCA-ERA camera. Measurements were made from all images using ImageJ and statistical analyses were performed using JMP software. Two-factor ANOVAs were used to compare responses of mutants and wild-type seedlings to chemical treatments. Tukey's multiple comparison was used to test for differences between genotypes in the proportions of roots that formed loops on untreated agar plates.
Results
The responses of eb1b-1 roots to mechanical cues were compared to those of two mutants with defects in auxin transport, aux1-7 and ethylene insensitive root1-1 (eir1-1). These seedlings have mutations in the genes that code for transporters that mediate auxin influx (AUX1) or efflux (PIN2), respectively, from cells (Luschnig and others 1998; Swarup and others 2004) . Both the aux1 and eir1-1 seedlings exist in the Col-0 genetic background whereas the eb1b-1 allele is in Ws. We chose to analyze eb1b-1 in the Ws background instead of eb1b-2 seedlings (in Col-0) for two reasons: (1) Both wild-type Ws and eb1b-1 roots exhibit greater responses to mechanical cues than do Col-0 and eb1b-2 seedlings (Bisgrove and others 2008) , and the reduced phenotype in the Col-0 genetic background greatly reduces our ability to detect statistically significant differences between the responses of eb1b-2 mutants and wildtype plants. (2) We have previously shown that expressing the EB1b gene in eb1b-1 mutants restores root responses to that of wild type, providing evidence that in the Ws genetic background, it is loss of EB1b alone that is responsible for the eb1b-1 phenotype (Gleeson and others 2012) . Similar results for the eb1b-2 allele in Col-0 are not available.
Root responses to mechanical cues of eb1b-1 and mutants with defects in auxin transport were compared by analyzing seedlings growing on the surface of agar plates reclined from a vertical orientation (Fig. 1) . Under these conditions, gravitropism presses the root tip against the agar surface and this contact mechanically stimulates the root as it grows. On plates reclined 20°from vertical, roots of the wild-type Arabidopsis accessions Ws and Col-0 exhibited a waving pattern of growth that was slightly skewed toward one side of the plate and they rarely formed loops (Fig. 1) . In contrast to wild type, roots of eb1b-1 mutants skewed more toward the left when viewed from above the agar surface and they formed more loops than wild-type Ws. Approximately 16 % of eb1b-1 roots formed loops, a proportion that was significantly greater than the proportion of loops formed by Ws roots (2 %, P = 0.0008). As observed for eb1b-1 mutants, seedlings carrying mutations in AUX1 and PIN2 genes had roots that formed more loops than wild type; 49 % of aux1-7 and 60 % of eir1-1 roots formed loops, proportions that were significantly greater than wild-type Col-0 roots (0 %, P \ 0.001). These observations indicate that both auxin transport and EB1b have inhibitory effects on loop formation in roots responding to mechanical cues.
To determine whether EB1b function might be linked to auxin transport, loop formation was assessed in seedlings growing on reclined agar plates supplemented with different chemicals that disrupt auxin homeostasis. Treatments included the auxin transport inhibitors NPA and TIBA, an auxin signaling inhibitor PCIB, as well as the endogenous auxin IAA and two auxin analogs NAA and 2,4-D. For comparative purposes, loop formation in aux1-7, eir1-1, and eb1b-1 eir1-1 double mutant roots was also characterized.
eb1b-1 Roots are Hypersensitive to Reductions in Auxin Transport
Naphthylphthalamic acid and TIBA, two chemical agents whose effects have been well characterized in plants, were used to assess the effects of reducing auxin transport on root growth. Both chemicals inhibit auxin efflux and result in the accumulation of auxin inside cells (De Rybel and others 2009). On agar plates reclined by 20°, both Ws and eb1b-1 seedlings responded to increasing concentrations (up to 1 lM) of NPA by forming more loops (Fig. 2) . At low concentrations of NPA (0.1 lM), both eb1b-1 and Ws roots formed more loops than they did on plates without the inhibitor and the amount of looping increased to a maximum in seedlings grown on 1 lM NPA. Although NPA induced loop formation in both eb1b-1 and Ws, the increase observed in eb1b-1 mutants was significantly greater than that in Ws, indicating that reductions in auxin transport enhance root responses to mechanical cues to a greater extent in eb1b-1 mutants than in wild type.
Between 0.1 and 1 lM NPA, the proportion of roots with loops increased by 58 % in eb1b-1 and by only 34 % in Ws (P = 0.004). Root elongation was only slightly reduced at 1 lM NPA, and concentrations higher than 0.1 lM inhibited root elongation to the same extent in mutant and wildtype roots, indicating that the increase in looping is due to reductions in auxin transport and is not a general response to perturbations in root growth (Fig. 2c) . In contrast to eb1b-1, loop formation did not increase in aux1-7 and eir1-1 mutants exposed to NPA. When aux1-7 seedlings were grown on plates containing NPA, the proportion of roots that formed loops was equivalent to that of solvent-only controls, and in eir1-1 the amount of looping decreased when 1 lM NPA was added to the agar (Fig. 2b) . At these concentrations of NPA, root elongation was largely unaffected in Col-0, aux1-7, and eir1-1 (Fig. 2d) , suggesting that the effect on looping is not due to a general perturbation in root growth.
The second auxin transport inhibitor, TIBA, had effects on loop formation that were similar to those of NPA in all of the genotypes tested. TIBA induced loops in both eb1b-1 and Ws roots, although eb1b-1 responded at a lower concentration of TIBA than did Ws (Fig. 3a) . The proportion of eb1b-1 roots with loops increased from 14 to 29 % between 0 and 0.1 lM TIBA, whereas loop formation in Ws did not increase until the concentration of TIBA reached 1 lM. The increase observed in eb1b-1 was significantly greater than that in Ws (P = 0.0346). The fact that eb1b-1 responded to lower concentrations of TIBA than Ws indicates that, as observed for NPA, eb1b-1 mutants were hypersensitive to TIBA. The effects of TIBA on loop formation in aux1-7 and eir1-1 roots also mimicked those of NPA. Growth of aux1-7 seedlings on plates containing TIBA did not alter the proportions of roots that formed loops, even at concentrations as high as 10 lM, indicating that these seedlings were resistant to the effects of the inhibitor (Fig. 3b) . As was observed with NPA, eir1-1 responded to higher concentrations of TIBA by reducing loop formation at concentrations above 1 lM. The effects of TIBA on root elongation also resembled those of NPA. On increasing concentrations of TIBA, root elongation in both eb1b-1 and Ws was inhibited in a similar dosedependent manner. Root elongation was also reduced in Col-0 roots at concentrations above 0.1 lM, whereas aux1-7 and eir1-1 exhibited slight reductions in root length only at the highest concentration of TIBA (10 lM). Taken together, these results indicate that eb1b-1 roots are hypersensitive to the effects of auxin transport inhibitors whereas aux1-7 and eir1-1 roots are more resistant.
The effects of disrupting auxin transport in eb1b-1 mutants were also assessed by analyzing root growth in eb1b-1 eir1-1 double mutants. When seedlings were grown on agar plates reclined by 20°, double mutants made more Fig. 1 Both eb1b-1 and auxin transport mutants have roots that form more loops than wildtype plants when grown on reclined agar plates. Ws (b), eb1b-1 (c), Col-0 (e), eir1-1 (f), and aux1-7 (g) seedlings were germinated on plates reclined 20°from the vertical (a) and the proportions of roots that formed loops were determined after 7 days (d, h). Data represent averages (gray bars) from three to ten experiments (number for each genotype ranged from 58 to 195 seedlings). Error bars represent 1 standard error (SE). A, B, and C refer to statistically different averages (P \ 0.0001; Tukey's test). Scale bar in g represents 1 cm and applies to all photographs loops (71 %) than did eir1-1 single mutants (56 %). The fact that the double mutants made more loops than eir1-1 single mutants is consistent with the results obtained when auxin transport was reduced by chemical treatments and supports a model in which EB1b and PIN2 affect looping differently.
NPA Reduces Auxin Transport by Equivalent Amounts in eb1b-1 and Wild-type Roots
To determine whether the hypersensitivity of eb1b-1 mutants to auxin transport inhibitors might be correlated with equivalent changes in auxin transport, a GFP-based auxin response biosensor was used to assess the effects of NPA on auxin transport in eb1b-1 roots. Wild-type and eb1b-1 seedlings expressing the DR5rev::GFP construct (Benková and others 2003; Friml and others 2003) were grown on reclined agar plates that contained 0, 0.1, or 1 lM NPA, and the relative amount of auxin transported basipetally, from the root cap toward the elongation zone, was estimated by measuring changes in GFP fluorescence in epidermal cells located behind the meristem (Fig. 4) . To account for differences in basal levels of GFP fluorescence between roots, ratios of epidermal cell to cortical cell pixel intensities were calculated for each root. As expected, a dose-dependent decrease in GFP fluorescence was observed in epidermal cells of wild-type roots treated with increasing concentrations of NPA, reflecting decreases in basipetal auxin transport associated with increasing concentrations of NPA. This result is consistent with the known effects of NPA on basipetal auxin transport in roots (Rashotte and others 2000) . Furthermore, the assay did not detect any differences in auxin transport between eb1b-1 and wildtype roots. Of particular relevance is that the decreases in auxin transport between 0.1 and 1 lM NPA observed in eb1b-1 mutants and wild-type plants were indistinguishable, as this is the concentration range at which eb1b-1 exhibited hypersensitivity with respect to loop formation. This analysis indicates that NPA had similar effects on auxin transport in both eb1b-1 mutants and wild-type roots and suggests that the additional looping seen in eb1b-1 mutants is not correlated with larger changes in auxin transport. Asterisk denotes a statistical difference in response between eb1b-1 and Ws roots (P \ 0.01; 2-factor ANOVA) Fig. 3 Roots of eb1b-1 mutants are more sensitive than wild type to TIBA. Ws, eb1b-1 (a, c) as well as Col-0, eir1-1, and aux1-7 (b, d) seedlings were grown on plates reclined 20°from the vertical with or without TIBA for 7 days at which time the proportions of roots that formed loops (a, b) and root lengths (c, d) were determined. Data points represent averages from three to six experiments (n = 60-124 seedlings) and error bars denote 1 SE. A statistical difference in response between eb1b-1 and Ws roots is indicated by an asterisk (P \ 0.01; two-factor ANOVA)
Auxin Signaling Modulates Loop Formation in Roots
Because eb1b-1 mutants did not appear to have defects in transporting auxin from the root cap to the elongation zone, we assessed the possibility that EB1b proteins could be affecting processes that occur after auxin perception. Root responses to mechanical cues were analyzed in seedlings grown in the presence of PCIB, thought to be an inhibitor of auxin signaling events. This chemical reduces auxininduced regulation of gene transcription by the TRANS-PORT-INHIBITOR RESISTANT1 (TIR1) receptor (Oono and others 2003) . We found that the addition of 0.5 lM PCIB to the agar media enhanced loop formation in both Ws and eb1b-1 roots, suggesting that TIR1-mediated signaling had an inhibitory effect on root responses to mechanical cues (Fig. 5) . However, in contrast to Ws, roots of eb1b-1 mutants exhibited a larger increase in loop formation and this increase was sustained at 1 lM PCIB, a concentration that reduced looping in Ws roots (Fig. 5a) . At 1 lM PCIB, eb1b-1 roots formed significantly more loops than did Ws (P \ 0.0001). The increase in loop formation in eb1b-1 roots in the presence of PCIB indicates that EB1b proteins enhance an inhibitory effect of TIR1 signaling on root responses to mechanical cues. PCIB also reduced root elongation, but significant decreases in elongation were detected only at concentrations of PCIB above those that affected loop formation (Fig. 5b) . In contrast to loop formation, PCIB had similar effects on root elongation in eb1b-1 mutants and Ws, indicating that the effects of TIR1 signaling on root elongation are not altered in eb1b-1 mutants.
Effects of IAA, NAA, and 2,4-D on Root Responses to Mechanical Cues Because EB1b appears to affect processes mediated by auxin perception, we assessed the effects of increased auxin levels on root responses to mechanical cues. The endogenous auxin IAA as well as two synthetic analogs, NAA and 2,4-D, were used in these experiments. To enable detection of either increases or decreases in the response, roots were grown on plates reclined to 45°from the vertical position. This growth regime provides relatively high levels of mechanical stimulation and causes roots to form more loops than they do when grown on plates reclined by 20° (Gleeson and others 2012) . We found that IAA and Fig. 4 NPA affects auxin transport equivalently in eb1b-1 and Ws roots. Seedlings expressing the DR5rev::GFP construct were grown on plates reclined 20°from vertical with or without NPA for 7 days at which time GFP in the root tip was visualized by epifluorescence microscopy. A representative image of a Ws root grown without NPA is shown (a). Pixel intensities were measured in epidermal and cortical cells located behind the meristem (white boxes shown in a, labeled x and y, respectively) and average x:y ratios were calculated for each root. A plot of the average x:y ratios of eb1b-1 and Ws roots with and without NPA (b) revealed that both auxin transport and the effects of NPA on auxin transport were equivalent in the two genotypes. Scale bar in (a) represents 100 lm. Data points represent averages from three experiments (n = 23-27 seedlings) and black bars represent 1 SE Fig. 5 Roots of eb1b-1 mutants exhibit an enhanced and sustained sensitivity to PCIB. Seedlings were grown on plates reclined 20°from the vertical with or without PCIB for 7 days and the proportions of roots that formed loops (a) and root lengths (b) were determined. Data points represent averages from three to four experiments (n = 17-113 seedlings) Error bars represent 1 SE J Plant Growth Regul (2013) 32:681-691 687
NAA had similar, mild effects on root responses to mechanical cues. 2,4-D, on the other hand, had very different effects from those of IAA and NAA. IAA had small effects on looping in eb1b-1 and Ws. In eb1b-1 roots there was a slight increase in loop formation when the concentration of IAA was increased from 0 to 10 nM. When eb1b-1 and Ws seedlings were treated with 5 or 10 nM IAA, the proportion of roots with loops did not change significantly when compared with untreated controls, although there was a slight increase at 5 nM for both genotypes (Fig. 6a) . At 10 nM IAA there was a small increase in the proportion of roots with loops in eb1b-1 and a small decrease in Ws. Looping decreased a little more in both genotypes between 10 and 17.5 nM IAA, although for both genotypes the proportions of loops formed with 17 nM IAA was not significantly different from untreated controls. In the aux1-7 and eir1-1 mutants, IAA increased looping to high levels at all concentrations tested, but had little effect on Col-0 wild type (Fig. 6b) . As expected, IAA reduced root elongation in eb1b-1, Ws, and Col-0 roots but had little effect on root elongation in the auxin transport mutants (Fig. 6c, d ). As observed for IAA, NAA also had minimal effects on looping in eb1b-1 and Ws seedlings (Fig. 7a) . Relatively small increases in loop formation were observed for both genotypes. Slight increases in loop formation in response to NAA were also observed in Col-0 and the auxin transport mutants (Fig. 7b) . At 0.1 lM NAA, eb1b-1 roots made significantly more loops than Ws (P \ 0.0001). As expected, NAA also decreased root elongation at concentrations above 0.01 lM (Fig. 7c, d) . In contrast to IAA and NAA, 2,4-D reduced loop formation in all of the genotypes tested, although aux1-7 roots were somewhat resistant to the effects of 2,4-D (Fig. 8a, b) . Reductions in root elongation were also observed at higher concentrations of 2,4-D, with aux1-7 roots again exhibiting a greater degree of resistance (Fig. 8c, d ).
Discussion
In this study we investigated the relationship between the microtubule-associated protein EB1b and auxin in roots responding to mechanical cues. Both eb1b-1 and mutants with defects in auxin transport exhibit greater responses to mechanical cues than wild-type plants, indicating that auxin transport and EB1b both have repressive effects on the response in wild-type plants. To assess the possibility of a functional link, we examined the effects of auxin transport inhibitors on root responses to mechanical cues. Fig. 6 Effects of IAA on root responses to mechanical cues. Ws and eb1b-1 (a, c) as well as Col-0, eir1-1, and aux1-7 (b, d) seedlings were transferred to plates with or without IAA 3 days after germination and grown for an additional 4 days reclined 45°from vertical. Data points represent averages from three to four experiments (n = 58-80 seedlings) Fig. 7 Effects of NAA on root responses to mechanical cues. Ws, eb1b-1 (a, c), as well as Col-0, eir1-1, and aux1-7 (b, d) seedlings were transferred to plates with or without NAA 3 days after germination and grown for an additional 4 days reclined 45°from vertical. Data points represent averages from five experiments (n = 89-100 seedlings)
For comparative purposes, both eb1b-1 and mutants with defects in auxin transport were examined. We found that root responses to mechanical cues did not increase when seedlings carrying mutations in the AUX1 and PIN2 influx/ efflux carriers were treated. This result is consistent with an inability of the inhibitor to further disrupt a process that is already defective in these mutants. In contrast, eb1b mutants exhibited significantly greater responses to mechanical cues in the presence of auxin transport inhibitors than did wild-type plants (see Figs. 2, 3) . The ability of the inhibitors to elicit greater responses in eb1b-1 mutants suggests that EB1b and the inhibitors affect root responses to mechanical cues differently. In a scenario where EB1b and the inhibitors both act in the same way, eb1b mutants are expected to be either more resistant to the effects of the inhibitor or to, at most, increase loop formation by the same amount as seen in wild-type plants. Instead, auxin transport inhibitors significantly enhanced the responses of eb1b roots to mechanical cues. Further evidence supporting the contention that EB1b and auxin transport modulate root looping differently was obtained through the analysis of eb1b-1 eir1-1 double mutants. We found that eb1b-1 eir1-1 double mutants made more loops than eir1-1, indicating that EB1b and PIN2 proteins repress loop formation by different mechanisms. Finally, we also analyzed auxin transport in seedlings expressing the auxin response biosensor DR5rev::GFP. Both eb1b-1 and wild-type roots treated with the auxin transport inhibitor NPA exhibited dose-dependent reductions in basipetal auxin transport that were indistinguishable from those of wild-type roots at the same NPA concentrations that caused excessive looping in eb1b-1 mutants. Taken together, these results suggest that EB1b does not repress root responses to mechanical cues by altering the amount of auxin transported from the root cap to the elongation zone.
We also found that PCIB, a repressor of auxin-induced gene expression (Oono and others 2003) , enhanced loop formation in eb1b-1 roots to a much greater extent than it did in wild type. As discussed above for the auxin transport inhibitors, the fact that PCIB induced a greater response in mutants than in wild type suggests that EB1b and PCIB also affect root responses to mechanical cues in different ways. PCIB is thought to impair auxin signaling by acting as a competitor of auxin-induced regulation of gene transcription by the TIR1 receptor (Oono and others 2003) . Our result, therefore, suggests that EB1b does not affect TIR1. Thus, the possibility that EB1b represses root responses to mechanical cues specifically through a TIR1-mediated auxin signaling pathway seems unlikely. However, we cannot rule out a role for EB1b on a signaling pathway mediated by PCIB-insensitive auxin receptors.
In contrast to the auxin transport inhibitors and PCIB, 2,4-D had strikingly different effects on root responses to mechanical cues, causing reductions in loop formation in eb1b-1, Ws, and eir1-1 roots. This effect also differed from that of the other auxins, an observation that was previously reported in the literature. For example, IAA and NAA were found to inhibit root elongation by reducing the length of the growth zone in the root, whereas 2,4-D affected cell production rates and actin-dependent processes (Rahman and others 2007) . Although the mechanism by which 2,4-D elicits unique responses in plants is unknown, it may involve a difference in its ability to bind and activate auxin receptors in cells. 2,4-D is known to bind the TIR1 receptor with a lower affinity than IAA (Kepinski and Leyser 2005; Rahman and others 2006) .
Another difference between the three auxin analogs is the mechanisms by which they are transported into and out of cells and the degree to which each chemical concentrates inside cells. Although the entry and exit of IAA depends on auxin influx and efflux carriers, NAA diffuses into cells passively and exits via an efflux carrier. 2,4-D enters cells through the influx carriers, but it is not able to use the efflux carrier which can cause it to accumulate to higher levels inside cells than the other auxins (Delbarre and others 1996) . Perhaps it is the accumulation of 2,4-D inside cells of both the root cap and the elongation zone that causes the reductions in loop formation observed in wild-type, eb1b-1, and eir1-1 roots. It has been reported that 2,4-D cannot be redistributed appropriately in roots and that it disrupts gravitropic responses (Ottenschlager and others 2003) . If this is the explanation for the reduced responses to mechanical cues in our assay, it is of interest to note that 2,4-D has the same effect in wild-type, eb1b-1, and eir1-1 roots, implying that 2,4-D is able to accumulate inside the cells and that the influx carriers are functioning normally in all three genotypes. In contrast, aux1-7 mutants are resistant to 2,4-D, as would be expected for seedlings lacking functional influx carriers. In contrast to 2,4-D, normal auxin gradients form in roots treated with IAA and NAA (Ottenschlager and others 2003) . This observation could explain why we observed only small effects on looping in our assays. If PIN proteins are functioning normally in both Ws and eb1b-1 roots treated with IAA or NAA, normal auxin gradients would form in the roots and this could result in relatively minor effects on looping. Our observation that exogenously applied IAA or NAA did not have large effects on either eb1b-1 or Ws roots suggests that eb1b-1 does not have major impairments in auxin transport.
In summary, EB1b, auxin transport, and auxin signaling all repress root responses to mechanical cues (Bisgrove and others 2008; Gleeson and others 2012; this paper) . However, the fact that eb1b-1 mutants exhibit greater responses to mechanical cues when treated with inhibitors of auxin transport or signaling suggest that EB1b may act by a different mechanism. Alternatively, one of the results of auxin signaling may be on EB1b activity. For example, interactions between EB1b and its binding partners, either microtubules or other proteins, may be altered. This would, in turn, result in a repression of root responses to mechanical cues. EB1b is known to be a key regulatory component of the protein complexes that form on microtubule ends (Akhmanova and Steinmetz 2010) .
